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Abstract. Whiteflies (superfamily Aleyrodoidea) contain eubacterial endosymbionts localized
within host cells known as mycetocytes. Sequence analysis of the genes for the 16S rRNA of
the endosymbionts of Bemisia tabaci, Siphoninus phillyreae, and Trialeurodes vaporariorum
indicates that these organisms are closely related and constitute a distinct lineage within the
v-subdivision of the Proteobacteria. The endosymbionts of whiteflies are unrelated to the
endosymbionts of aphids and mealybugs, which are in two separate lineages.

The insect order Homoptera contains a variety of
species that feed on plant sap and are major agricul-
tural pests [2—4, 9, 14, 22]. Some of these insects are
dependent on a symbiotic association with procary-
otic organisms (endosymbionts) that have not been
cultured outside the insect host [4, 9, 15]. Evidence
has been presented indicating that the endosymbi-
onts provide essential nutrients to the insect host [9,
15, 24]. The endosymbionts are localized in vesicles
within specialized polyploid cells (mycetocytes) that
form a structure within the body of the insect host
known as the mycetome [9, 14]. The evolutionary
relationships of selected endosymbionts have been
determined by sequence comparison of the DNA
coding for 16S rRNA (rDNA). The results indicate
that the endosymbionts of aphids (superfamily
Aphidoidea) are members of the y-3 subdivision of
the Proteobacteria [18], whereas the endosymbionts
of mealybugs (family Pseudococcidae within the su-
perfamily Coccoidea) are members of the 3-subdivi-
sion [20]. The endosymbiotic associations within
these two groups are, therefore, a consequence of
separate infections of the two insect lineages by dif-
ferent procaryotes. The endosymbiont of aphids has
been given the designation Buchnera aphidicola
[17], and it has been found to have many of the
attributes of free-living eubacteria [16, 19].
Whiteflies (superfamily Aleyrodoidea) share

some of the general properties of aphids and mealy-
bugs [3, 7, 11]. All three groups are classified within
the suborder Sternorrhyncha, which is believed to
be a monophyletic group [13]. Whiteflies also con-
tain mycetocytes harboring procaryotic endosymbi-
onts [2, 26]. Bemisia tabaci (sweetpotato whitefly),
Trialeurodes vaporariorum (greenhouse whitefly),
and Siphoninus phillyreae (ash whitefly) are im-
portant agricultural pests [3]. Recently, in the South-
western United States, a new strain of B. tabaci has
emerged that has caused major crop losses [1, 6, 22].
This strain differs in a variety of properties from the
strain which it has replaced [1, 22]. The original has
been called the ‘‘cotton’’ strain, and the more recent
strain the “‘poinsettia’ strain [1]. In the present
study we have cloned and sequenced the 16S rDNA
from the above three species of whiteflies including
both the cotton (C) and poinsettia (P) strains of B.
tabaci. Our results indicate that the whitefly endo-
symbionts differ from those of aphids and mealybugs
and constitute another lineage within the y-subdivi-
sion of the Proteobacteria.

Materials and Methods

B. tabaci C and B. tabaci P were both supplied by J.E. Duffus
(JD) and L.S. Osborne (LO), and their origins will be indicated
by the author’s initials, in parentheses, following the strain desig-
nation. §. phillyreae and T. vaporariorum were supplied by B.C.
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Table 1. Pairwise distances between bacterial taxa of the y-subdivision, based on aligned sequence length of 1551 bases

1 2 3 4 S 7 8 9 10 11 12 13 14

1. Sc. graminum —

2. Pe. betae 69 —

3. E. coli 154 153 —

4. P. vulgaris 184 174 93 —

5. Ar. nasoniae 171 170 117 99 —

6. A. pisum S-sym 186 174 81 108 113

7. B. tabaci S-sym 178 174 128 136 135 112 —

8. R. amylophilus 22§ 228 187 193 197 179 213 —

9. B. tabaci P-sym 251 257 258 249 251 246 243 250 —

10. S. phillyreae 235 241 245 229 233 230 225 238 70 —

t1. T. vaporariorum 230 236 240 230 232 225 228 242 69 30 —

12. L. pneumophila 235 235 208 210 202 205 218 196 214 203 203 —

13. W. persica 265 262 233 245 248 244 260 225 271 245 249 187 —

14. C. burnetii 269 263 234 249 228 244 253 228 247 229 234 158 208 —

For abbreviations see legend to Fig. 1.

Campbell (BC). The general molecular biology methods used in
this study have been described by Sambrook et al. [23]. The
methods used for the purification of DNA, amplification of the
16S rDNA by the polymerase chain reaction (PCR), cloning into
phagemids, and the sequencing of both DNA strands of the cloned
insert have been described in detail [16, 18-20].

Bacteria included in the analysis were chosen to represent
established subdivisions of the Proteobacteria (o, 8.y, §), includ-
ing subgroups of the y-subdivision [31, 32]. Sequences were taken
from Neefs et al. [21]. In addition, other bacterial associates of
arthropods for which sequences were available were included.

The taxa and the sources of the sequences were as follows: pri-
mary endosymbionts of two aphid species [18], secondary endo-
symbiont of an aphid [27], endosymbionts of two mealybug spe-
cies [20], intracellular associates of two ticks [28], and an
associate of a parasitoid wasp [12].

Nucleotide sequences from the endosymbionts and other
bacteria were aligned, and parsimony analysis was carried out
with the program ‘‘Phylogenetic analysis using parsimony’’ [25].
Toroot the tree, Myxococcus xanthus, representing the 8-subdivi-
sion, was set as outgroup [31]. Gaps were scored as missing
data, uninformative sites were excluded from the analysis, and
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Fig. 2. Distribution of distances (16S rDNA) between pairs of
endosymbionts of aphid species in the tribes Aphidini and Macro-
siphini and aphid species in the families Aphididae, Drepanosiphi-
dae, Mindaridae, and Pemphigidae [18]. | = distances between
S. phillyreae and T. vaporariorum; 1 = distances between these
two species and B. tabaci.

transitions and transversions were weighted equally. There were
587 informative sites and 19 taxa. The dataset was too large for
an exhaustive search for the shortest tree, so the heuristic search
option was used. The ‘“Bootstrapping’’ option was used to obtain
the majority rule consensus tree consisting of all nodes supported
by over half of 100 bootstrap runs.

The nucleotide sequences were deposited in GenBank under
accession numbers Z11925-711928.

Results and Discussion

Evolutionary relationships of whitefly endosymbi-
onts. The endosymbionts of whiteflies form a cluster
of related organisms (Fig. 1) distinct from the endo-
symbionts of aphids and mealybugs. This cluster is
within the y-subdivision of the Proteobacteria be-
tween representatives of the y-2 and y-3 subgroups.
Monophyly of the whitefly endosymbionts is very
strongly supported by the sequence data, as indi-
cated by the bootstrap value of 100; there is also
strong support for their inclusion in the y-subdivi-
sion. However, it was not possible to assign the
endosymbionts to either the y-3 or y-2 subgroups on
the basis of the phylogenetic analysis or the presence
of oligonucleotide signature sequences [32]. In this
respect the whitefly endosymbionts resemble Wol-
bachia persica (an intracellular, tick-associated pro-
caryote) [30] and Coxiella burnetii (an intracellular,
tick-associated procaryote causing Q fever in hu-
mans) [29], which are also members of the y-subdivi-
sion but could not be assigned to any of the sub-
groups [28] (Fig. 1). Examination of Table 1 indicates
that Legionella pneumophila (a member of the y-2
subgroup) has the closest distance to the whitefly
endosymbionts.

Figure 2 presents the distribution of the ob-
served 16S rDNA distances between endosymbionts
of aphid species in different tribes and families [18].
By analogy with aphids, the distances between the
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Fig. 3. Position of restriction enzyme sites characteristic of the
B. tabaci P-sym and the S-sym 16S rDNA. Numbers represent

+ sizes in kilobases.

endosymbionts of S. phillyreae and T. vaporariorum
(Fig. 2, Table 1) are consistent with the placement of
the whitefly hosts into different tribes. The distances
between (1) B. tabaci POJD) and (2) S. phillyreae and
T. vaporariorum are consistent with their placement
into two families. Currently these whitefly species
are assigned to three tribes within a single family [8].

When the nucleotide sequence of recombinants
containing the PCR-amplified 16S rDNA of B. tabaci
P(JD) was determined, two different sequences were
found, indicating the presence of two organisms.
One of these organisms was related to the endosym-
bionts of the two other species of whiteflies (Fig. 1),
while the second was related to members of the
Enterobacteriaceae (7y-3 subgroup). By analogy with
the endosymbionts of Acyrthosiphon pisum, we
have designated these as the primary endosymbiont
(P-sym) and the secondary endosymbiont (S-sym),
respectively. The S-sym of B. tabaci P (JD) is most
closely related to the S-sym of A. pisum (Fig. 1,
Table 1). Other species within this cluster are Pro-
teus vulgaris and Arsenophonus nasoniae (Fig. 1);
the latter is the causative agent of the son-killer
trait in a wasp [12]. Recently it has been found that
endosymbionts of the coleopterans, Sitophilus ory-
zae and S. zeamais, also fall within the y-3 subgroup
[5]. Sequence comparisons indicated that they are
distinct from the S-sym of B. tabaci.

Comparisons of B. tabaci P and C from different
sources. We have determined the 16S rDNA se-
quence of the endosymbiont of B. tabaci C(JD) P-
sym and have found it to be essentially identical to
that of B. tabaci P(JD) P-sym. (The two nucleotide
differences detected could be owing to PCR error.)
An inspection of the sequence of the 16S rDNA of
B. tabaci P(JD) P-sym and B. tabaci P(JD) S-sym
indicated the presence of restriction enzyme sites
that could differentiate between the PCR-amplified
16S rDNAs of these two organisms. For example,
the P-sym 16S rDNA has a HindIIl site (Fig. 3)
which, when cut by this enzyme, results in fragments
of 0.56 and 0.89 kb. A Hindlll restriction site is
absent in the 16S rDNA of the S-sym (Fig. 3). Simi-
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larly, the S-sym has an Xbal restriction site that is
absent in the P-sym. Figure 4 gives the results of
experiments in which the amplified 16S rDNA of B.
tabaci P(JD), C(JD), P(LO), and C(LO) was digested
with HindIll and Xbal. In all cases, a band of lower
intensity remained that corresponded to the 16S
rDNA of the endosymbiont that lacked the restric-
tion site as well as two smaller bands corresponding
to fragments of the 16S rDNA of the endosymbiont
that contained the restriction site. The results with
the restriction enzymes Accl, Aval, Sacl, and Smal
indicate that all of these isolates of B. tabaci have a
P-sym and a S-sym and that the P-syms are identical
to each other on the basis of restriction enzyme
analysis, as are also the S-syms.

Conclusions

(1) The whitefly species B. tabaci, S. phillyreae,
and T. vaporariorum all have a P-sym that forms a
distinct lineage within the gamma-subdivision of the
Proteobacteria. This result suggests the occurrence
of a single infection of a whitefly ancestor with sub-
sequent divergence of the endosymbiont and the
host.

(2) The whitefly endosymbionts are distinct from
the aphid and mealybug endosymbionts, which are
derived from different bacterial lineages.

(3) B. tabaci appears to have an S-sym which is
a member of the Enterobacteriaceae and is related
to the S-sym of the aphid A. pisum.

(4) The P-syms of B. tabaci P and B. tabaci C
are indistinguishable from each other, as are also the
S-syms. This result need not indicate identity of
the B. tabaci hosts, since 16S rRNA is a highly
conserved molecule, and bacterial isolates having
identical 16S rRN A sequences may belong to closely
related bacterial species readily recognizable on the

kDa

1 34 Fig. 4. Agarose gel electrophoresis of PCR-

0. 8 1 amplified and restriction enzyme-digested 16S

0 46 rDNA of B. tabaci. P, poinsettia strain; C,
cotton strain; initials in parentheses indicate

024 investigator who sent the strain. kb, kilo-

bases; a, undigested PCR-product; b, digested
with HindlIII; ¢, digested with Xbal.

basis of other genetic or phenotypic properties [10].
One of us (BC) is currently attempting to differenti-
ate B. tabaci P and B. tabaci C by use of host genetic
markers.
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